INTRODUCTION
The epidemics of several noncommunicable diseases, including insulin resistance syndrome, type-2 diabetes, cardiovascular disease, metabolic syndrome, and obesity, in Western and developing countries have raised questions about the interplay between the human diet, the gastrointestinal (GI) tract, and the microbiota of the GI tract. The GI tract has two vital functions, namely to absorb nutrients after food digestion and to act as a physical and immunological barrier against the entry of noxious compounds into the interior milieu. Both functions contribute to whole-body homeostasis and health preservation. Defects in gut barrier function are often involved in various GI and extra-GI diseases, including inflammatory bowel disease, irritable bowel syndrome, liver disease, metabolic syndrome, and obesity. [1] [2] [3] It has become clear that excessive intake of unbalanced high-energy diets in the context of a sedentary lifestyle disturbs the gut microbiota and causally favors the entry of proinflammatory microbial compounds (e.g., lipopolysaccharide [LPS] ) into the body, thus leading to chronic low-grade inflammation and metabolic disorders. 4, 5 In light of this, it is important to reconsider the natural defense mechanisms of gut epithelial cells (GECs) and the potential to boost them nutritionally, with an aim toward prevention of metabolic disorders.
The role of intestinal alkaline phosphatase as a major natural protective component has already been reviewed. 6, 7 Briefly, the functions of intestinal alkaline phosphatase include detoxification of LPS, control of gut microbiota composition, and anti-inflammation. One main conclusion of these reviews is that various nutrients and food components can stimulate the expression and activity of intestinal alkaline phosphatase, thus partially explaining their anti-inflammatory properties.
Inducible heat-shock proteins (iHSPs) constitute another important defense system at the GEC level. Incidentally, iHSPs may include intestinal alkaline phosphatase, as they are all dependently stimulated by heat stress. 8 Inducible HSPs are highly conserved proteins involved in vital cellular functions such as protein folding, chaperoning, trafficking and addressing, apoptosis and proliferation, redox balance, inflammatory responses, and intercellular junctional integrity, and most underlying molecular mechanisms have been elucidated. 9, 10 Two iHSPs, namely HSP25 and HSP70, have been repeatedly demonstrated to protect GECs against inflammatory and oxidative stress in vitro and in vivo. [10] [11] [12] Importantly, a variety of microbial components or products have been shown in recent years to induce the expression of iHSPs, demonstrating an important link with the gut microbiota.
This review focuses on intestinal and colonic iHSPs -HSP25 and HSP70 in rodents, which correspond to HSP27 and HSP72, respectively, in humans -as the main targets of nutrients and microbial signals. Of note, for clarity, the name HSP70 is used consistently, even for HSP72, throughout this review. A broad literature analysis of dietary modulation of iHSPs in GECs is also provided, as available reviews usually focus on a single iHSP and selected nutrients or food components (e.g., iHSP70 and functional nutrients, or iHSPs and fiber). 13, 14 Therefore, this review puts into perspective the host-microbiota interplay at the iHSP level in gut health and disease and shows the great potential of nutritional stimulation of these protective iHSPs. Maintenance of a healthy gut microbiota through dietary means is now recognized as a major approach to the preservation of host health. 15 
PHYSIOLOGICAL ROLES OF GUT EPITHELIAL INDUCIBLE HEAT-SHOCK PROTEINS
Though study of GECs has been limited, the mechanisms of iHSP action are likely to be common among different cell types. Many molecular mechanisms of iHSP action have been discovered in a wide variety of cells, especially cancer cells. These mechanisms have been reviewed repeatedly, 9, 16, 17 and thus only the most prominent features of these mechanisms are summarized in this section. Current knowledge about GECs is also presented in this section.
Protein chaperoning
Both iHSPs (HSP27 and HSP70) are powerful protein chaperones. 9 HSP27 has a central domain called a-crystallin, which is conserved across small HSPs, and a number of phosphorylation sites, both of which contribute to HSP27 functional properties. Direct binding of HSP27 to cellular proteins is independent of adenosine triphosphate but is determined by the degrees of HSP27 polymerization and phosphorylation; larger HSP27 oligomers undergo limited phosphorylation and exhibit (partially independently) chaperone, antiapoptotic, and antioxidant properties. 17 HSP70 comprises one adenosine triphosphatase site and one peptide-binding site, and its chaperone activity is most often indirect (e.g., co-chaperone with c-terminal HSP70-interacting protein). Inducible HSPs are involved in the correct folding of functional proteins under normal conditions, and they participate in the renaturation or specific sorting and proteasomal degradation of specific proteins after cell stress. 9 For example, client proteins for iHSP27 include structural (e.g., cytoskeleton) and functional (e.g., enzyme) proteins. Binding of iHSP27 to cytoskeletal F-actin depends on actin phosphorylation and iHSP27 oligomerization. Importantly, cytoskeleton regulation is impaired at low levels of HSP27 expression.
Cell proliferation and apoptosis
HSP27 stimulates cell proliferation by increasing nuclear factor-jB (NF-jB) activity, which regulates cell survival, proliferation, and differentiation, and by inhibiting NF-jB-dependent apoptotic pathways. [9] [10] [11] [12] [13] [14] [15] [16] [17] The former effects lie in the capacity of HSP27 to bind NF-jB inhibitor (IjBa) protein and specifically promote its proteasomal degradation, thus increasing NFjB release. HSP27 promotes both ubiquitin-dependent (e.g., through the proteasome) and -independent degradation of unfolded proteins after cellular stress. Both HSP27 and HSP70 exhibit antiapoptotic properties, though partially through different pathways (for details, see Figure 2 of Garrido et al. 9 ). They act on many apoptotic pathways upstream and downstream of the mitochondria, e.g., by inhibiting early stages of stress cell signaling, by reducing the production of reactive oxygen species, by inhibiting proapoptotic proteins, and/or by protecting key prosurvival proteins like kinases (e.g., extracellular signal-regulated protein kinase [ERK] and Akt), all of which result in inhibited release of proapoptotic signals from mitochondria. [9] [10] [11] [12] [13] [14] [15] [16] [17] For example, iHSP27 can prevent mitochondrial release of cytochrome c by various mechanisms, including direct cytochrome c sequestration and inhibition of certain kinases (e.g., c-Jun N-terminal kinase) or caspases (e.g., procaspase-3 activity). Regarding antioxidant properties, both HSPs can decrease the production of reactive oxygen species by activating antioxidant enzymes (e.g., glutathione reductase, peroxidase). [9] [10] [11] [12] [13] [14] [15] [16] [17] In summary, both iHSP27 and iHSP70 promote cell survival and resistance to stress through multiple pathways that have been elucidated in various cell types.
Regulation of immune responses and inflammation
Membrane-bound and extracellular heat-shock proteins.
In addition to intracellular HSPs, there is evidence of membrane-bound (mHSPs) and, especially, extracellular HSPs (eHSPs), the latter resulting from passive cell leakage (e.g., after cell necrosis) or active secretion (free HSPs or mHSPs in exosomes). [18] [19] [20] Membrane-bound HSP70 has been demonstrated in various studies, especially in solid tumor cells. 21 Membrane-bound HSP70 is most often associated with lipid rafts and interacts with specific, negatively charged lipids such as phosphatidylserine and sphingolipids. 20, 21 However, the mechanisms of HSP70 insertion into the cell membrane and the biological roles of mHSP70, possibly related to cell signaling function, are poorly understood. 20 The roles of eHSPs have been addressed experimentally, and data collectively suggest their involvement in immune cell modulation, though information is limited for gut immune cells (see below).
Heat-shock proteins as danger signals. Heat-shock proteins and major histocompatibility complex (MHC) molecules are the two systems involved in peptide antigen presentation. 19, 21, 22 Extracellular HSPs are able to interact directly with antigen-presenting cells (e.g., dendritic cells, macrophages) through the activation of various receptors (e.g., toll-like receptors 2 and 4; CD91) to produce danger signals, thus leading to innate immune responses. 19 Extracellular HSP27 has been shown to be anti-inflammatory, with responses depending on immune cell types. 23 Extracellular HSP27 stimulates the secretion of anti-inflammatory cytokines (e.g., interleukin [IL] 10]) by monocytes and inhibits their differentiation into mature dendritic cells and macrophages. Extracellular HSP27 also inhibits neutrophil apoptosis, but without increasing the secretion of inflammatory cytokines (contrary to, e.g., LPS). In contrast, eHSP70, also called "chaperokine," is considered proinflammatory because it stimulates proinflammatory gene expression in monocytes, macrophages, and neutrophils. 23 Extracellular HSP70 also stimulates chemotaxis of dendritic cells and neutrophils, primes monocytes, macrophages, dendritic cells, and natural killer cells, and enhances natural killer cell activity and phagocytic activity by macrophages. Importantly, eHSP70 uptake seems to increase tolerance to stress and possibly displays paracrine and autocrine activities. Speculatively, low levels of eHSP70 may contribute to the downregulation of host inflammation, while higher levels would potentiate it. 23 Antigen presentation and adaptive immunity. Heatshock proteins, including iHSP70, have a role in peptide binding and intracellular peptide trafficking upstream of antigen presentation. For example, in the classical MHC class I pathway, which operates, e.g., for viral antigens and tumor-derived antigens, 21 HSPs are required for peptide antigen transport from the proteasome to MHC class I molecules before being presented by antigen-presenting cells to T lymphocytes. Therefore, HSPs appear to be key regulators of antigen cross-presentation and priming of various T-cell responses. 19 Current knowledge about gut epithelial cells Apoptosis, autophagy. Inducible HSPs have been reported to be antiapoptotic to GECs, e.g., in ischemia/reperfusion injury and L-threonine supplementation. 24, 25 Inducible HSP involvement in autophagy has been documented in various non-GEC lines, but only one article reported that HSP70 and its transcription factor, heat-shock factor (HSF) 1, mediated autophagy in GECs. 26 Inflammation. Gut iHSPs both impact the proinflammatory NF-jB pathway and are modulated by cytokines. Inducible HSP-dependent inhibition of the NFjB pathway has also been documented in GECs. 27, 28 The underlying mechanisms could involve activation of IjBa gene expression and inhibition of phosphorylation and degradation of IjBa protein. Conversely, HSP27 is implicated in NF-jB activation by reactive oxygen species. 29 Regarding cytokines, IL-2 is a strong inducer of both HSP27 and HSP70, while IL-1b, IL-10, IL-11, and tumor necrosis factor-a (TNF-a) are moderate inducers of HSP25/27 in GEC lines (Table 1) . [30] [31] [32] By contrast, IL-4 and interferon-c do not seem to modulate the expression of iHSPs. [30] [31] [32] Importantly, the combination of inflammatory cytokines interferon-c and TNF-a was shown to strongly inhibit both HSP25/27 and HSP70. HSP70 translational inhibition by these cytokines involved the recruitment of HSP70 to stress granules. 33 These data support the hypothesis that alterations in intestinal function in inflammatory situations may partially result from iHSP inhibition.
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Oxidative stress. A major feature of gut epithelial iHSPs is their antioxidant properties, thus leading to enhanced gut epithelial protection against oxidative stress. This has been consistently demonstrated in various settings and GEC lines. 27, 31, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] However, this does not always translate to comparable results in vivo, 45 possibly because of insufficient (though significant) increases in iHSP levels.
Gut barrier function
The integrity of gut barrier function is essential for health preservation throughout life. 46, 47 Inducible HSPs are prototypically induced by cells in response to heat shock. Heat stress has been demonstrated to increase intestinal tight junction permeability in Caco2 cells and in the proximal small intestine of mice. 48, 49 Heat stress also increases iHSP concentrations, and inhibition of iHSP response (e.g., using the polyphenol quercetin) results in further deterioration of intestinal permeability. 48 The tight junction protein occludin was shown to be crucial in regulating gut permeability, and interactions between occludin and HSP70 were demonstrated. 48, 50 More precisely, an increase in occludin concentration after heat shock is mediated by HSF1 activation and binding to the occludin gene promoter. 51 Even exogenous HSP70 added to cell cultures was able to prevent the heat stress-induced alteration in permeability. 52 HSP70 was recently shown to be redistributed at the cytoskeleton level following Caco2 cell exposure to wheat gliadin, which induced cytoskeletal alterations, thus strengthening further the role of HSP70 in the maintenance of barrier function. 53 Heat stress augmented the expression of HSP70 and occludin, thus probably limiting ileal permeability alterations in pigs. 54 Conversely, decreased intestinal HSP70 and leaky intestine were reported in a model of necrotic enterocolitis in rats. 55 In summary, iHSPs have many vital cellular functions. Expression of iHSPs is modulated by inflammatory and oxidative stress and is involved in major cellular physiological functions of GECs. Inducible HSPs also regulate gut barrier function, notably by controlling the expression of key tight junction proteins like occludin.
REGIONAL, TISSUE, AND CELL DISTRIBUTION OF INDUCIBLE HEAT-SHOCK PROTEINS
Tanguay et al. 56 first showed the presence of inducible HSP25 and HSP70 in epithelial cells along the GI tract of normal, nonstressed mice. Later, HSP70 protein was also reported in pig intestine. 57 More detailed description of GI regional and tissue or cellular distribution was provided later. Inducible HSPs were reported to be either virtually absent or present at low levels in the small intestine, while they were strongly expressed in the colon of rodents. 30, 38, 58 By contrast, pigs exhibited substantial iHSP concentrations along both the small and large intestines. 45, [59] [60] [61] [62] [63] An increasing proximaldistal gradient of iHSPs along the small intestine has been described. 38, 58 A proximal-distal gradient also exists along the large intestine of rodents, though with discrepancies between studies: decreasing vs increasing gradient. 58, 64 Interestingly, a gradient of iHSP proteins does not exist in the colon of germ-free mice. 58 A higher relative concentration of iHSP proteins was recorded in the distal ileum than in the proximal colon in growing pigs, suggesting higher microbial stimulation in the former in this species. 65 Data from humans are scant. One study reported immune detection of iHSP70 in the small intestine and the colon. 66 Another study revealed that the ascending colon expressed more iHSP proteins than the descending colon. 58 Tissue distribution of iHSP messenger RNA (mRNA) is essentially similar to and highly correlated with that of iHSP proteins in mice, thus indicating a strong transcriptional modulation of regional differences in iHSPs. 38, 58 However, correlations between iHSP mRNA and iHSP protein were not observed in pigs, 45 suggesting alternate mechanisms of iHSP protein regulation.
Inducible HSP proteins are located almost exclusively in GECs, especially those in closer contact with the gut contents, with very little expression in the lamina propria. 35, 38, 58, 65 Thus, strong immunostaining of iHSP proteins is observed in villi of the small intestine and in upper-crypt epithelial cells in the colon, with virtually no staining along the crypts at either site. Of note, ileal Peyer's patches stained strongly for iHSPs in the pig, but the precise identity of the iHSP-containing cells was not disclosed. 65 In summary, iHSPs are expressed and are located in GECs in close contact with the lumen, and their tissue concentration essentially reflects the influence of the gut microbiota. Data on the expression of mHSPs and eHSPs in GECs are lacking. However, investigations with other cell types suggest anti-and proinflammatory roles for eHSP27 and eHSP70, respectively.
INDUCIBLE HEAT-SHOCK PROTEINS AND GUT-SPECIFIC MICROBIAL COMPONENTS AND METABOLITES

Microbial components
Deitch et al. 67 were the first to report that Escherichia coli LPS stimulated HSP70 production in Caco2 cells. This was later confirmed by Kojima et al. 36 in a murine GEC line (YAMC). However, in this latter work, it was iHSP25 (and not iHSP70 or HSC73) that was specifically induced (Table 2) . 27 36 reported HSP25 induction to occur at very low doses of LPS (10 ng/mL; peak at 5 mg/mL) after 12 hours of treatment (peak at 24 hours). HSP25 mRNA increased from 6 hours onward and declined after 24 hours. However, the authors noted that the magnitude of HSP25 response was smaller than that observed after thermal stress. 36 Both LPS and lipoteichoic acid were shown to induce the expression of colonic iHSP25 and iHSP70 in mice. 68 Importantly, LPS added to drinking water at concentrations as low as 10 ng/mL and given to antibiotic-depleted mice was able to restore normal levels of colonic iHSPs and to rescue onethird of the animals from lethal inflammation. 68 It was thus concluded that a certain level of gut stimulation by microbial products was necessary for conferring iHSPmediated gut protection.
Other microbial components, such as the potent neutrophil chemoattractant formyl-methionyl-leucyl-phenylalanine (fMLP) tripeptide, 27 enterotoxin B superantigen from Staphylococcus aureus, 39 flagellin from Salmonella enterica serovar Typhimurium, 43 and Clostridium difficile toxin A, 69 are all inducers of iHSPs in various GEC lines ( Table 2 ). Of note, the expression of HSP25 induced by fMLP at concentrations between 30 nM and 300 nM, but not at higher concentrations, suggests nonlinear responses of iHSPs to some microbial signals. 27 Peptide formylation was crucial in the iHSP response, since nonformylated MLP had no effect. Blocking of fMLP transporter PepT1 also blocked HSP25 induction, demonstrating that fMLP must be internalized in order to induce iHSPs. 27 Flagellin, also active at low doses (10-300 ng/mL) was shown to be a fast inducer of HSP25, starting at 6 hours and lasting for at least 48 hours. 41 
Microbial metabolites
Short-chain fatty acids result from microbial fermentation of undigested material in the distal gut lumen. Among these, n-butyrate, isobutyrate, and propionate were shown to induce expression of HSP25/27 and sometimes HSP70 in various rodent GEC lines and tissue explants (Table 2) . 35, 38, 58 The HSP response to butyrate (1-5 mM) was fast, starting at 6 hours, and reached a maximum after 12-24 hours. 35 Butyrate-induced expression of iHSP was protective against oxidant stress. 35 Importantly, Liu et al. 65 observed in growing pigs that colonic iHSP was negatively correlated with propionic acid concentration and positively correlated with the percentage of isobutyrate in digesta. Surprisingly, however, they did not find correlations between iHSP and n-butyrate concentrations in this study.
Gut epithelial cell specificity in induction of heatshock proteins by microbial products Inducible HSP responses to microbial products often appeared specific for GECs, since, for instance, fibroblasts and macrophages did not respond to n-butyrate and E. coli LPS, respectively, by modulating iHSP expression. 35, 36 Thus, iHSP induction leading to subsequent protection against all kinds of stress appears to be a unique feature of the gut epithelium.
INDUCIBLE HEAT-SHOCK PROTEINS AND THE GUT MICROBIOTA Gut microbiota
Ren et al. 35 initially observed that a diet enriched with fermentable material (pectin), when compared with a nonfiber diet, stimulated expression of HSP25 (but not HSP70 or HSC73) protein in the distal ileum and the colon of rats only after 3 days of feeding these diets. They also suggested that regional differences in iHSP expression along the gut might reflect differential microbial activities and local concentrations of small-chain fatty acids. Anaerobic bacteria (e.g., Bacteroides fragilis) and the gut microbiota in general were then reported to have important roles in inducing the expression of iHSPs. 30, 68 The cause-and-effect relationship between iHSP and the microbiota in rodents was elegantly demonstrated by Arvans et al. 38 for the small intestine and by Hu et al. 58 for the large intestine. Briefly, Arvans et al. 38 made self-emptying vs self-filling blind intestinal loops and found that both iHSP25 and iHSP70 were stimulated in self-filling loops that all favored microbial overgrowth. Hu et al. 58 reported no differences in iHSPs between germ-free and specific-pathogen-free mice in the jejunum or the distal colon, but 2-fold higher iHSP protein concentrations in the proximal colon of specific-pathogen-free mice. In addition, lysates from the cecum and the proximal colon were able to upregulate expression of the iHsp gene and iHSP in cultured GEC lines and in the distal colon mucosa of specific-pathogen-free mice. 58 Finally, the herbal medicine Juzentaihoto (Shi-Quan-Da-Bu-Tang in Chinese) was clearly shown to require the gut microbiota for stimulating intestinal HSP70 mRNA expression in mice, as no response occurred in germ-free animals. 70 Many gram-positive bacteria present in the human gut microbiota, such as Bifidobacterium breve, Lactobacillus paracasei, and Lactobacillus plantarum (but not Enterococcus faecalis), could induce expression of iHSP27 in Caco2 brush-border-expressing (Caco2-bbe) cells (Table 3) . 30, 39, 40, 43, 44, 71, 72 A synthetic pentapeptide, also known as competent and sporulating factor from Bacillus subtilis, was shown to induce expression of HSP27 and protect gut epithelial cell (GEC) lines from oxidant injury. 42, 72, 73 Among gram-negative bacteria, E. coli can induce expression of gut epithelial iHSP, but some other bacteria, such as Enterobacter aerogenes, E. faecalis, and Proteus mirabilis, cannot. 42 Lactobacillus johnsonii may be involved in increased intestinal iHSP70 response to Juzentaihoto in mice. 70 Further links between the gut commensal microbiota and iHSPs in vivo were recently demonstrated in growing pigs. 65 Ileal HSP27 was found to correlate negatively with particular luminal bacteria (Lactobacillus reuteri and Enterobacteriaceae) ( Table 4) . 65 Ileal iHSP correlated positively with lactic acid-producing bacteria and L. johnsonii. Ileal iHSP25 and colonic iHSP70 correlated negatively with the diversity of the mucosa-associated microbiota and with the mucosa-associated, butyrate-producing Roseburia faecis. Finally, colonic iHSP70 correlated negatively with the Bacteroidetes Prevotella brevis but positively with Faecalibacterium prausnitzii, otherwise known for its anti-inflammatory properties and for being depleted in inflammatory bowel disease.
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Probiotics
The protective action of probiotics on the GI tract may be mediated by different mechanisms, including iHSP induction in human and rodent GEC lines. This has been clearly demonstrated for a variety of lactobacilli and bifidobacteria (Table 3 and Table 5 76-79 ). This was also recently reported in a porcine intestinal cell line (IPEC-J2) for two probiotics (L. johnsonii strain P47-HY and L. reuteri strain P43-HUV). 80 Such protective actions could be mediated through bacterial cell wall components or secreted molecules or metabolites. Various probiotics (e.g., B. subtilis JH642, Lactobacillus rhamnosus GG) were able to induce expression of iHSP in vitro, while others (E. coli Nissle) were not. 40 Other studies have revealed the importance of secreted peptides of various lengths (Table 6) . 27, [35] [36] [37] [39] [40] [41] [42] 68 The probiotic mixture VSL#3, which contains various lactobacilli and bifidobacteria, was also shown to convey intestinal protection by inducing the expression of iHSP25 and iHSP70. 81 Recently, Lactobacillus brevis SBC8803 was reported to operate through the release of polyphosphate chains that, when provided in a synthetic form, also conferred protection through iHSP induction both in vitro and in mice. 42 Thus, induction of iHSPs may be one component in the protective action of probiotics. Correlation coefficients: r > 0, positive correlation (P < 0.05 or more); r < 0, negative correlation (P < 0.05 or more); # tendency (P ¼ 0.065).
Antibiotics
As described above, a variety of gut microbes and bacterial components are strong inducers of gut epithelial iHSPs. Conversely, some studies in vivo have disclosed that some, but not all, antibiotics can disturb epithelial iHSP induction and subsequent gut protection. For instance, Kojima et al. 30 reported that metronidazole, an antibiotic targeting anaerobic bacteria, decreased both iHSP25 and iHSP70 concentrations in rat colonic mucosa and increased the permeability and susceptibility of colonic mucosa to C. difficile toxin A. Ciprofloxacin, a broad-spectrum antibiotic that notably targets gramnegative aerobic bacteria, displayed variable and inconsistent effects on colonic iHSP25 and had no effect on iHSP70 in rats. 30 The combination of ampicillin, metronidazole, neomycin, and vancomycin, used experimentally to deplete the gut microbiota, reduced the expression of gut epithelial iHSP, thus resulting in higher mortality of chemically induced colitis in mice. 68 In contrast, binary antibiotic associations of metronidazole and vancomycin or neomycin had no effects on iHSP. 68 Contrasting effects were reported in preterm pigs: oral and systemic administration of three antibiotics (ampicillin, gentamicin, and metronidazole) for 5 days decreased HSP27 but increased iHSP70 in the small intestine. 82 The latter effect may have resulted from the gentamicin-specific inhibition of HSP70's chaperoning activity, thus promoting a positive feedback response. 83, 84 In normal pigs, oral administration of the broad-spectrum antibiotic amoxicillin to mothers around parturition was found to affect the mother's fecal and the offspring's gut microbiota as well as the offspring's gut epithelial iHSPs: small intestinal iHSP27 remained unaffected, while iHSP70 decreased transiently, and both iHSP proteins increased in colonic mucosa. 45, 63 Data were interpreted as being essentially related to amoxicillin-induced changes in maternal microbiota and subsequent microbiota transfer to offspring after birth.
Mechanisms of inducible heat-shock protein induction by microbial products
Microbial molecules that stimulate expression of iHSPs by GEC lines use different signaling pathways (Table 6 ). These include specific membrane proteins or receptor complexes (e.g., integrin-b; toll-like receptors 2 and 4) as well as peptide transporters (e.g., the organic cation/carnitine transporter 2; peptide transporter 1). 27, 36, 40, 41, 68 The intracellular signaling pathways most often activated are p38 mitogen-activated protein (MAP) kinases, alone or in association with other kinases (e.g., ERK1/2; c-Jun N-terminal kinase). Additional pathways, such as those involving reactive oxygen species, have been documented as well. 29 In all cases, the final effect is the downregulation of the proinflammatory NF-jB pathway and the repression of proinflammatory cytokine gene activation and production. Of note, the protective effects of the probiotic mixture VSL#3 involved another mechanism, proteasome inhibition, thus leading to reduced degradation of IjBb and p105 proteins and subsequently increased repression of NF-jB. 81 Conversely, proteasome inhibitors are inducers of iHSP expression in GECs. 85 Collectively, these data underline the complex relationships between iHSPs and the gut luminal or mucosaassociated bacteria or probiotics. They demonstrate the causal role of bacterial cell wall components and various secreted molecules in keeping tissue iHSP concentrations optimal for gut protection. Some of the underlying mechanisms have been disclosed. Finally, some antibiotics may contribute to the disruption of iHSP profiles and a reduction in gut epithelial resistance to stress.
INDUCIBLE HEAT-SHOCK PROTEINS AND GASTROINTESTINAL DISEASES Intrauterine growth restriction and necrotizing enterocolitis
Necrotizing enterocolitis is a major cause of death in premature humans, and intrauterine growth restriction is a risk factor for necrotizing enterocolitis. 86, 87 Recent data indicate that expression of gut epithelial iHSPs is disturbed in intrauterine growth restriction and necrotizing enterocolitis. Messenger RNA and protein levels of iHSP70 were reported to be higher in the duodenum and jejunum (but not the colon) of intrauterine growthrestricted pig neonates, thus underlining the stressful nature of intrauterine growth restriction. 88 This was associated with reduced tissue concentrations of NF-jB p65 protein and inhibition of the NF-jB developmental pathway, with detrimental effects on the development of immune function in intrauterine growth-restricted piglets. 89 In a rat model of necrotizing enterocolitis induced by maternal separation and milk formula feeding, the expression of both ileal iHSP70 protein and gene was reduced. 55 Mother's milk was hypothesized to induce physiological levels of iHSP70 in normal rat pups, though precise mechanisms were not disclosed. 55 Another group confirmed reduced intestinal iHSP70 in both human and mouse necrotizing enterocolitis. 90 Of note, heat preconditioning of rat pups increased ileal iHSP, inhibited NF-jB activation, and reduced necrotizing enterocolitis-induced tissue alterations. 91 This clearly demonstrates the contribution of iHSP in preventing necrotizing enterocolitis.
Inflammatory bowel disease and celiac disease
In humans, two genes, namely HSP70-1 and HSP70-2, encode the same protein, iHSP70. 92 Importantly, various allelic polymorphisms in these genes have been related to inflammatory bowel disease.
Crohn's disease. Available genetic studies on possible links between HSP70-2 polymorphism and Crohn's disease indicate that A or AA genotypes are associated with less severe, and BB genotype with more severe, forms of Crohn's disease. [93] [94] [95] [96] Ulcerative colitis. The AA genotype of the HSP70-2 gene was found to be associated with severe ulcerative colitis, while the BB genotype was associated with a lower risk of steroid-dependent and refractory types of colitis. 96, 97 Functionally, iHSP70 seems to be inhibited in active ulcerative colitis. Two studies concluded iHSP70 to be lower in active than in inactive ulcerative colitis, thus leading to possibly enhanced vulnerability of the former to inflammation. 32, 98 Furthermore, iHSP70 mRNA levels in active and inactive tissues were not different, suggesting post-transcriptional differences in iHSP70 protein handling. 32 The 3 0 untranslated region (3 0 -UTR)-dependent translational inhibition of HSP70 mRNA was then demonstrated in ulcerative colitis. 99 However, one study reported tissue iHSP70 protein concentrations to be higher at the time of disease diagnosis and to decrease after treatment. 100 Animal models of gut inflammation. Chemically induced colitis (e.g., that induced by dextran sulfate sodium) is often used as a model for inflammatory bowel disease. One study demonstrated that colitis was more severe in hsf1 or hsp70 knockout mice and less severe in mice overexpressing the hsf1 or hsp70 gene. 101 The protective role of iHSP70 was also observed after deletion of the macrophage migration inhibitory factor (MIF) gene in mice, thus documenting a suppressive effect of this factor on HSP70. 102 Therefore, both HSF1 and iHSP70 play a protective role against colitis.
Celiac disease. Celiac disease is an inflammatory enteropathy caused by gluten from wheat and other cereals in genetically predisposed individuals. 103 A link between the HSP70-2 gene and celiac disease was first reported in 1993. 104 Then, the C allele of the HSP70-1 gene was reported to be higher in Spanish celiac patients and was therefore considered an additional factor in celiac disease susceptibility. 105 The C allele of the HSP70-1 gene was also higher in DRB1*03-negative patients and in DQB1*02-negative and DRB1*03-negative celiac patients. Elevated HSP70 mRNA and iHSP70 levels were observed in the duodenal mucosa of both untreated and treated children with celiac disease. 106 Importantly, evidence of iHSP70 involvement and junctional redistribution in alterations induced by wheat gliadin in a Caco2 model for celiac disease has been reported recently. 53 However, a 3-day challenge with wheat gluten in celiac and nonceliac patients was insufficient to demonstrate causal modulation of HSP70 gene expression or protein concentrations in duodenal biopsies. 107 
Other diseases
Intestinal ischemia/reperfusion injury. Intestinal ischemia/reperfusion injury is a common, potentially fatal condition with a complex etiology and pathogenesis. 108, 109 Many earlier data have shown that preinduction of iHSPs confers protection against ischemia/reperfusion injury to the intestine. [110] [111] [112] [113] [114] Induction of iHSP through a first ischemia/reperfusion episode was also found to protect partially against a second ischemic episode in a pig model. 115 Protection by iHSP70 may involve decreased apoptosis through increased Bcl-2 expression, thus leading to the inhibition of mitochondrial release of cytochrome c. 24 Alcohol abuse. Alcoholic abuse initiates or increases susceptibility to many related diseases and is therefore a major public health problem worldwide. 116 The gut plays a role in alcohol-related diseases, both directly, through alcohol absorption and alteration of the intestinal barrier, and indirectly, through the microbiota-mediated transformation of alcohol into toxic compounds (e.g., acetaldehyde) and alcohol-induced dysbiosis. 116, 117 Alcohol stimulated iHSP25 at concentrations between 10 and 40 g/L and iHSP70 at 10 g/L, with a loss of iHSP responses at higher concentrations (80 g/L) in Caco2 cells. 118 Importantly, another study reported that alcohol (60 g/L) moderately stimulated the expression of HSF1 and iHSP70, but this was not protective. 119 Finally, a dose-dependent decrease in iHSP70 along the small intestine, with the strongest effect associated with major ileal tissue injury, was reported in a rat model of intraperitoneal alcohol administration (0-8.25 g/kg bodyweight). 120 Collectively, the available literature indicates reduced iHSP70 levels in patients with active ulcerative colitis, a finding supported by animal models. Genetic links between the HSP70-1 and HSP70-2 genes and chronic gut inflammatory diseases are established in humans, but underlying functional mechanisms are not yet fully understood, especially in celiac disease. Intestinal ischemia/reperfusion injury can be prevented by preinduction of iHSPs. Alcohol may induce the expression of gut epithelial iHSPs at low doses but inhibit it at higher doses.
DIETARY MODULATION OF INDUCIBLE HEAT-SHOCK PROTEINS IN THE GUT Food intake
The pioneering work by Ehrenfried et al. 121 revealed that chronic calorie restriction (À40%, compared with ad libitum intake) increased Hsp70 mRNA levels in the duodenal (but not ileal) mucosa of adult rats. The fasting-to-refeeding transition also seemed to stimulate iHSP70 concentrations in the small intestine, with no change in the colon of mice. 122 A more systematic investigation was conducted in growing pigs submitted to feeding or fasting (1.5 days) or fasting (1.5 days) and refeeding (2.5 days). 62 Fasting generated an increase in iHSP27 (but not iHSP70) along the small and large intestines. Conversely, refeeding essentially restored intestinal and colonic concentrations of iHSP27, still with no influence on iHSP70. 62 Thus, besides interspecies variability, the availability of nutrients and specific food components (e.g., fiber) is a strong driver of iHSP variations along the intestines.
Dietary L-glutamine, ornithine, and polyamines
The vast majority of studies conducted both in vitro 120, [123] [124] [125] [126] and in vivo [127] [128] [129] [130] [131] indicate that L-glutamine is a strong inducer of iHSP25 and iHSP70 expressions in GECs in various stressful situations. This induction takes places in vitro at L-glutamine concentrations above 0.5 mM, with a plateau of iHSP response at 1-10 mM. 126 The iHSP response to L-glutamine (8 mM) is rapid (i.e., 2 hours and 24 hours for Hsp70 mRNA and protein, respectively) and of a large magnitude (3-to 4-fold). 121 Importantly, data on the role of L-glutamine in GEC autophagy are controversial: some support an inhibitory role through iHSP70 induction, and others support stimulation of autophagy through iHSP70 induction. 26, 132 L-Glutamine-mediated induction of iHSP expression involves polyamines, which do not modulate Hsf1 gene expression or HSF1 production directly but increase the binding between HSF1 and heat-shock element on Hsp genes. 133 Putrescine (100 mM) and spermidine (50 mM), as well as their precursor ornithine (50-100 mM), were found to upregulate both iHSPs, while spermine (200 mM) elicited an iHSP25 response only. 133 Consistent with this, a low spermine concentration (5 mM) was unable to induce iHSP70 expression in IEC-6 cells. 134 In terms of mechanisms, L-glutamine stimulates Hsf1 mRNA and protein and Hsf1 gene promoter activity in GECs and the colonic epithelium. 135 L-Glutamine downregulates the proinflammatory NF-jB pathway by reducing protein p65 nuclear translocation and cell apoptosis via the activation of phosphatidylinositol-3 kinase and MAP kinase and the reduction of cleaved caspase-3 activity. 133, 136 L-Glutamine protects against thermal stress by preventing heat-induced fibronectin degradation and by activating protective fibronectin-integrin signaling. 137, 138 Other mechanisms include dephosphorylation of p38 MAP kinase, activation of ERK1/2, 137, 138 and expression of the epithelial growth factor receptor pathway. 139 L-Glutamine stimulated iHSP70 in an HSF1-dependent manner within 5 hours and protected intestinal barrier function in ethanol and heat-stress models of altered intestinal permeability. 50, 119 L-Glutamine also protected against diarrhea in rodents and pigs, which was related to an iHSP-dependent mechanism. 129, 131 Other amino acids and metabolic intermediates L-Glutamate. This dicarboxylic amino acid, reputed to be poorly absorbed by GECs, was actually shown to induce iHSP25 expression in rat IEC-18 cells. 126 However, its potential to stimulate iHSP70 expression was much less than that of L-glutamine. 126, 140 A related product, N-carbamyl-glutamate (0.08%, in the diet), was also found to stimulate expression of iHSP70 in the intestine of pigs.
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L-Arginine. This basic amino acid was first reported to have no effect on iHSP expression by IEC-18 cells. 126 However, later investigations with another line (Caco2) revealed that L-arginine deficiency reduced, while L-arginine supplementation restored, physiological levels of iHSP70 by stimulating HSF4A and reducing oxidative stress. 141 In vivo, L-arginine (0.6% in the diet for a week) increased Hsp70 mRNA and protein in the ileal mucosa of pigs.
L-Threonine. Recently, L-threonine was found to stimulate expression of iHSP25 and iHSP70, which led to decreased heat-induced apoptosis in GECs. 25 A similar but smaller effect was also seen with the L-threonine nonmetabolizable analog a-amino isobutyric acid, but the induced iHSP response was not enough to confer protection. 25 Effects of L-threonine and its analog may involve changes in cell osmolality.
Metabolic intermediates of amino acids. Citrulline was able to restore iHSP70 concentrations in L-arginine-deficient Caco2 cells. 141 A 1% a-ketoglutarate supplementation given to pigs for 10-16 days was able to prevent an LPS-induced increase in iHSP70 in the jejunum, with no significant effect on the ileum. 142 Other amino acids. Many other amino acids, including L-asparagine (an analog of L-glutamine), L-histidine, L-leucine, L-proline, and L-tyrosine, were tested in their free form for their ability to modulate iHSPs in GECs, but none of them was found to be active. 126 Collectively, these data support the beneficial effect of L-glutamine supplementation in various physiological and stressful situations. The underlying molecular mechanisms have been essentially deciphered. Some other L-amino acids, precursors as well as derivatives, were also found to be active, though usually less so than L-glutamine. Finally, various amino acids seem to be inactive on gut epithelial iHSPs.
Proteins and peptides
Besides the effects of free L-amino acids on gut epithelial iHSPs, modulation of iHSPs by dietary proteins and peptides has been reported by several publications.
Animal products. Rat milk may be responsible for the induction of intestinal iHSP70 in rat pup, though mechanisms were not disclosed. 55 Wu et al. 13 suggested that milk L-glutamine could be responsible for this effect. Conversely, a peptide mixture (n ¼ 25 peptides; molecular weight, 1-5 kDa) from buffalo cheese acid whey was reported to decrease iHSP70 concentrations in Caco2 cells, making them more sensitive to oxidative stress. 143 The bioactive peptides were identified as belonging to the opioid family. N-e-carboxymethyl-lysine is a toxic product of Maillard reaction that appears on lysine residues of proteins and glucose under heat treatment. In its free form, it did not modulate iHSPs, but it increased (2.5-fold) iHSP27 expression when linked to casein in Caco2 cells. 144 As a possible treatment for inflammatory bowel disease, a peptide extracted from gastric antrum was shown to strengthen the epithelial barrier by stabilizing tight junctions through iHSP25 expression in Caco2 cells. 145 Feeding rats a diet supplemented with red meat heme (0.5 mM/kg diet), known as a risk factor for colorectal cancer, led to higher colonic mRNA (5-fold) and protein (3-fold) levels of iHSP25, with no effect on iHSP70 levels. 146 However, despite reduced tissue inflammation, colitis did not improve. Finally, neither human colostrum proteins nor b-alanyl-histidine dipeptide (L-carnosine) influenced iHSP70 in IEC-6 cells or in rats submitted to acetic acid-induced colonic mucosa injury, respectively. 134, 147 Plant products. Kidney bean (Phaseolus vulgaris) phytohemagglutinin and germ agglutinin from wheat grain (Triticum aestivum) are known as toxic compounds. They have been shown to decrease soluble iHSP70 in both Caco2 cells and intestinal tissues in rats. 148 These data were interpreted as evidence of cytoplasmic iHSP70 reduction due to iHSP70 rescue migration to cell membranes. Exposure to gliadin, a wheat protein toxic to celiac patients, was recently demonstrated to induce iHSP70 redistribution to the cytoskeleton following junctional protein (ezrin and E-cadherin) disruption in Caco2 cells. 53 In pigs, a diet supplemented with a melon (Cucumis melo LC.) pulp concentrate rich in the antioxidant enzyme superoxide dismutase was shown to decrease jejunal iHSP27 and colonic iHSP70 in weaned pigs, probably as a result of reduced oxidative stress. 149 The protein Cry1Ab from Bacillus thuringiensis, found in transgenic corn (Zea mays) made resistant to insects, had no effect on cell viability but increased iHSP70 concentrations in the porcine intestinal IPEC-J2 cell line. 150 In summary, various dietary proteins or peptides are able to modulate gut epithelial iHSPs. However, the underlying mechanisms of action and the consequences for GECs are not always documented.
Dietary fiber
Dietary pectin (6%), compared with no fiber or with nonfermentable fiber such as cellulose, increased iHSP25 and iHSP70 in the distal ileum and colon of rats. 35, 38 Chicory (Chichorium intybus L.) pectin also stimulated ileal and colonic iHSP27 in growing pigs. 151 Ileal iHSP27 protein concentration was positively correlated with fiber intake.
14 Importantly, chicory pectin is highly fermented in pig ileum and favors the growth of lactobacilli in the ileum and Clostridium species in the colon. 151 A galacto-oligosaccharide/inulin mixture provided to the mother during gestation and lactation and to the offspring until weaning was shown to increase jejunal iHSP25 (but not iHSP70) protein in rat offspring. 152 The underlying mechanisms of prebiotic action were not reported in this study.
Some polysaccharides may be detrimental to the gut. Highly sulfated saccharide carrageenans are used as thickening agents in foods but are also known for their proinflammatory properties. Carrageenans added to cultured GECs (1 mg/mL) had no effect on iHSP induction per se but were able to reduce the phosphorylation of iHSP27 and various kinases, thus leading to reactive oxygen species-mediated inflammation. 153 This was also observed with the polysaccharide dextran sulfate sodium, often used experimentally to induce gut inflammation. 154 In summary, fermentable fiber components stimulate the gut response to iHSPs, especially iHSP25, through microbial fermentation products. However, some proinflammatory saccharides can dephosphorylate iHSPs and promote oxidative stress and reduce gut cytoprotection.
Zinc
An organic form of zinc, polaprezinc ([N-(3-aminopropionyl-)-L-histidinato-zinc] used at 10-100 mM was demonstrated to stimulate iHSP25 and, more strongly, iHSP70 dose dependently and to protect Caco2 cells against oxidative stress in vitro. 155 Zinc-L-carnosine complex was found to increase iHSP70, to suppress NF-jB activation, and, finally, to protect rats submitted to chemically induced (acetic acid) colonic mucosa injury. 147 This was due to the zinc itself, potentiated by the presence of L-carnosine, because zinc sulfate, on a molar basis, displayed a lower effect, while L-carnosine alone had no effect at all. 147 Zinc-mediated protection through iHSP induction was also observed in the colon of mice submitted to dextran sulfate sodium-induced colitis and supplemented (or not) with polaprezinc (15 mg/kg body weight) or zinc sulfate (7.5 mg/kg) for 7 days. 156 In another study, zinc sulfate (25 mM, in water for 7 days) protected mice against TNF-induced lethal inflammation through an iHSP70-dependent mechanism. 157 Zinc oxide (0.05-1 mM) can upregulate various heat-stress genes, including the Hsp70 gene in swine IPEC-J2 cells. 158, 159 However, high supplementation with zinc (as zinc oxide, 2200 mg of zinc per kilogram of diet for 1 week), despite its anti-inflammatory effects, did not influence gut epithelial iHSPs in pigs. 160 These data suggest that zinc may have protective effects on the gut that are underpinned, at least partially, by iHSPs.
Exogenous n-butyrate
One study in veal calves reported that milk replacer supplementation with n-butyrate (3 g/kg milk powder), compared with flavomycin treatment, stimulated iHSPs in the colon but had no effects in the small intestine. 161 However, it is not clear if the difference was due to the stimulatory effect of n-butyrate or the possible inhibitory effect of flavomycin on iHSPs, as there was no control group without these supplements. In pigs, many experiments with supplemental n-butyrate or its precursor tributyrin have been carried out, but none reported data on gut epithelial iHSPs.
Flavonoids
The anthocyanin cyanidin-3-O-b glucopyranoside and its aglycon form, cyanidin chloride, were reported to exert their antioxidant properties partly through induction of HSP70 expression in Caco2 cells. 162 This was also observed with the flavonone naringenin (10-100 mM). 163 By contrast, studies in vitro have shown that the polyphenol flavonoid quercetin (30-100 mM), as well as other flavonoids like flavone (150 mM), kaempferol (100 mM), and genistein (100 mM), are potent inhibitors of iHSPs (especially iHSP70). [164] [165] [166] Luteolin (25 mM) was a weak inhibitor of iHSP70, and rutin had no effect. 164 These flavonoids inhibit Hsp70 mRNA by acting upstream on HSF and inhibiting the interaction between HSF and heat-shock element. 165 Since then, many studies have used quercetin experimentally as an inhibitor of iHSP70 induction in GECs under various conditions. 51, 85, 102, 123, 155 Finally, grape seed extract rich in polyphenols was also found to inhibit iHSP70 in a bovine GEC line, 167 thus confirming the negative effects of many polyphenols on iHSPs.
Mycotoxins
Mycotoxins are natural food contaminants present worldwide and that constitute a threat to human and animal health. The GI tract is the first target for mycotoxins, which deplete both barrier function and enteric immunity. 168 Highly oxidant mycotoxins such as zearalenone or citrinin, and moderate oxidant mycotoxins like fumonisins, may increase cellular iHSP70, while those with low oxidant activity (e.g., ochratoxin A or deoxinivalenol) may not. 169 In fact, there are few data on the effects of food mycotoxins on gut epithelial iHSPs. One study reported no effect of deoxinivalenol on iHSP70 induction in HT-29 cells. 170 Pigs fed fumonisin B1 (1.5 mg/kg body weight for 9 days) displayed a slight but significant increase in iHSP70 (but not iHSP27) protein concentrations in the jejunum, while concentrations in the colon were unchanged. 171 These data are in broad agreement with findings suggesting the oxidant potential of mycotoxins. 169 
CONCLUSION
Inducible HSPs display fundamental functions in GECs and, importantly, can be modulated through microbial components and metabolites and specific nutrients or food components (Figure 1 ). Increased expression of iHSP is most often synonymous with improved gut protection in normal epithelial cells, while the opposite is detrimental and may favor the development of chronic gut diseases. Evidence of mHSPs and eHSPs has also been demonstrated, with eHSPs displaying immunemodulatory roles. Future research should aim to better define which microbes and what levels of microbial components can optimize the expression of gut-protective iHSPs. Likewise, parallel efforts should continue to examine, especially in vivo, the potential of nutrients, food components (e.g., fiber types, polyphenols), and vegetables and fruits in complex diets to modulate health through iHSPs. Figure 1 Dietary nutrients and beneficial food components stimulate inducible heat-shock proteins (iHSP25 and/or iHSP70) in the gut epithelium either directly or indirectly through the microbiota (e.g., microbial components, secretions, or metabolites), thus leading to increased epithelial protection against stress (e.g., oxidation or inflammation).
